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Photon-nuclear reaction in a transport model frame, namely an Extended Quantum Molecular
Dynamics (EQMD) model, has been realised at the photon energy of 70-140 MeV in the quasi-
deuteron (QD) regime. For an important application, we pay a special focus on photonuclear
reactions of 12C(γ,np)10B where 12C is considered as different configurations including α-clustering.
Obvious differences for some observables have been observed among different configurations, which
can be attributed to spatial-momentum correlation of a neutron-proton pair inside nucleus, and
therefore it gives us a sensitive probe to distinguish the different configurations including α clustering
with the help of the photonuclear reaction mechanism.
PACS numbers:
I. INTRODUCTION
Photonuclear reaction has been investigated for several
decades and it is considered as an important process for
the understanding of the nuclear structure and the fun-
damental dynamics of the nucleonic system for several
reasons: 1) The availability of high-quality monochro-
matic photon beams generated by tagged photon tech-
nique or electron-laser Compton backscattering gamma
sources [1–6]; 2) It is helpful to investigate the behaviour
of hadrons in nuclear medium, and 3) These probes are
elementary and non-hadronic and therefore allow us in
principle to obtain information about the whole nuclear
volume. In the past decades, most researches focused
mainly on low photon energy region, for an example, in
the giant dipole resonance (GDR) region at photon en-
ergy of 15-40 MeV [7]. When the photon energy gets
higher than the GDR region and approximately reaches
to 140 MeV, the wavelength of the photons is typically
smaller than the size of the nucleus, which is close to the
size of the deuteron. To deal with this region, the quasi-
deuteron absorption mechanism has been introduced [8].
It is indicated that the photonabsorption of a proton and
neutron pair in the nucleus is dominated in this region,
and therefore this process can provide a method for the
study of the nucleon-nucleon (NN) correlation in nucleus.
As for target nucleus in photon-induced reactions, es-
pecially for α-conjugate light nucleus, α-clustering state
plays one of the fundamental roles in current nuclear
physic and nuclear astrophysics, which is crucial for the
process of nuclear-synthesis and the abundance of ele-
ments [9–15]. For the α-clustering nucleus, the emer-
gent properties are rich because of their different config-
urations and shapes [16–22]. For instance, giant dipole
resonance (GDR) displays corresponding characteristic
spectra for different configurations of 12C and 16O [23].
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Some aspects of α-clustering behaviour have been dis-
cussed [11]. Therefore, the α-clustering nucleus is a good
choice as a target nucleus for our photonuclear reactions.
12C is a good choice not only it is of particular importance
in its use as the standard from which atomic masses of
all nuclides are measured but also an interesting three-
α clustering nucleus involved in astrophysical nucleus-
synthesis with its Hoyle state [24]. A few years ago, the
p-n correlation in 12C has been also studied by the two-
nucleon knockout reaction [25].
Even though a variety of experimental and theoreti-
cal studies, there are only a few studies and discussion
for the process of photonabsorption that considers for
the effect of α-clustering with different configurations in
target nuclei. For instance, photodisintegration of 9Be
through the 1/2+ state near neutron threshold and clus-
ter dipole resonance below giant dipole resonance was
measured with quasi-monochromatic γ-ray beams pro-
duced in the inverse Compton scattering of laser photons
[26]. In this work, we present a transport model calcu-
lation for photon-nuclear reaction of a nucleus with the
α-clustering structure in the incident energy around 100
MeV. Using quasi-deuteron mechanism, we calculate the
photon absorption of 12C and demonstrate the difference
between different configurations.
II. EQMD MODEL
Quantum molecular dynamics (QMD) type models [27,
28] have been extensively applied for dealing with frag-
ment formation and nuclear multifragmentation in heavy
ion collisions at intermediate energy successfully [28–30].
It can also treats for the studies of giant dipole reso-
nance (GDR), pygmy dipole resonance (PDR), and gi-
ant monopole resonance (GMR) [31–36]. However, the
description of the ground state of the nuclear system
is not accurate enough in the usual QMD type model,
because the phase space obtained from the samples of
Monte Carlo is not in the lowest point of energy [37].
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2To compensate for this shortcoming, two features of the
model are important. One is the capability to describe
nuclear ground states, and the other is the stability of nu-
clei in the model description. The standard QMD shows
insufficient stability due to the fact that the initialized
nucleus is not in their real ground states. To solve this
problem, an extended version of QMD called as EQMD
which is used in our calculation has been developed [37].
Two features are introduced in EQMD in comparison
with the standard QMD. In order to cancel the zero-
point energy caused by the wave packet broadening in the
standard QMD, the cooling process can be used to keep
the mathematical ground state, but the Pauli principle is
broken. As the usual QMD model, Fermi statistics is not
satisfied in the present EQMD because nucleons are not
antisymmetrized. However, repulsion between identical
nucleons is phenomenologically taken into account by a
repulsive potential [38], called as a Pauli potential. As a
result, saturation property and cluster structures can be
obtained after energy cooling in the EQMD model [23].
Another feature is that EQMD model treats the width of
each wave packet as a dynamical variable [39]. The wave
packet of nucleon is taken as the form of Gaussian-like as
φi(ri) =
(
vi + v
∗
i
2pi
)3/4
exp
[
− vi
2
(~ri− ~Ri)2+ i~
~Pi ·~ri
]
,
(1)
where ~Ri and ~Pi are the centers of position and momen-
tum of the i-th wave packet, and the vi is the width of
wave packets which can be presented as vi = 1/λi + iδi
where λi and δi are dynamic variables. The vi of Gaus-
sian wave packet for each nucleon is dynamic and inde-
pendent.
The Hamiltonian of the whole system is written as
H =
〈
Ψ |
∑
i
− h
2
2m
52i −T̂c.m. + Ĥint | Ψ
〉
=
∑
i
[ ~P 2i
2m
+
3~2(1 + λ2i δ2i )
4mλi
]
− Tc.m. +Hint, (2)
where Tc.m. is the zero-point center-of-mass kinetic en-
ergy, the form can be found in details in Ref. [40].
In Eq. 2, Hint is the interaction potential with the form
of
Hint = HSkyrme+HCoulomb+HSymmetry +HPauli, (3)
where the Pauli potential HPauli is written as
HPauli =
cP
2
∑
j
(fi − f0)µθ(fi − f0) (4)
with fi defined as an overlap of i-th nucleon with other
nucleons which have the same spin and isospin.
In the present work, we shall simulate the photonab-
sorption in the EQMD model with the obtained configu-
rations for 12C .
III. THE APPROACH FOR PROCESS OF
PHOTON-NUCLEAR REACTION
In this section we will describe the methodology for
photonuclear reaction within the EQMD model. In
the considered energy region, we treat photonabsorp-
tion mechanism by the quasi-deuteron. There are two
steps in the whole process. The first step is the ab-
sorption process. We consider that the photon is ab-
sorbed by a proton-neutron pair in one alpha-cluster of
α-conjugate nuclei which are taken from the cooling pro-
cess of EQMD. Spherical configuration as well as two dif-
ferent α-clustering configurations for 12C are taken into
account. In the second step, the nucleus gets excited af-
ter the absorption process and then goes into transport
process to final state (see the details in the following).
A. The quasi-deuteron absorption mechanism
The present calculation was focused on the intermedi-
ate energies of photons about 70-140 MeV where the two-
nucleon absorption mechanism plays a dominant role for
the wavelength close to the size of a deuteron. Since the
photodisintegration reaction is predominant as it is for
the deuteron, n-n and p-p pairs do not contribute in this
mechanism, a n-p pair in the nucleus absorbs the photon
much like the photodisintegration of the deuteron. The
quasi-deuteron mechanism that was first introduced by
Levinger [41] et al. considers the reminder of the nucle-
ons as spectator besides the correlated proton-neutron
pair and its cross section reads
σQD =
L
A
NZσd(Eγ). (5)
The factor of L is the Levinger’s factor that indicates the
differences in density between the real deuteron and the
nucleus. In previous study, lots of experimental work for
tagged photon has been measured, especially for the light
target nuclei. For examples, Doran et al. have measured
the (γ,4He) [42] and McGeorge et al. have presented the
12C(γ,2N) measurements [43].
The QD model has been employed to access the total
photo-absorption cross section in heavy nuclei, it is based
on the assumption that the incident photon is absorbed
by a correlated neutron-proton pair inside the nucleus,
leaving remaining nucleons as spectators. Such an as-
sumption is enforced when one compares the relatively
small wavelength of the incident photon with the nu-
clear dimensions. The QD cross section is proportional
to the free deuteron photo-disintegration cross section.
The photo-disintegration of nucleus was studied theoret-
ically using the quasi-deuteron model by Levinger [41]
and later by Futami and Miyazima [44].
3FIG. 1: Three different configurations of 12C were obtained in our EQMD model. (a) chain 3-α structure; (b) triangle 3-α
structure; (c) spherical structure without any α-cluster.
B. Initial part of the process of photonabsorption
Before we treat photonabsorption process, the reason-
able initial phase space of target should be prepared.
For traditional spherical structure of 12C, it can be eas-
ily obtained without an additional Pauli potential in the
EQMD model. Right panel of Fig. 1 shows the spheri-
cal 12C structure. For α-clustering structures, we need
to introduce the Pauli potential so that we can obtain
12C with two possible three-α clustering structures as
shown in left and middle panels of Fig. 1. To compare
the ground state data of 12C which has a RMS radius of
2.47 fm [45] and binding energy 7.68 MeV, our simulated
data of three configurations are shown in Table I. In
general, the bigger the binding energy, the nucleus tends
to be more stable. Here, the spheric 12C is the most sta-
ble configuration, and the second is the chain structure
and the third is the triangle structure. The reason why
the chain structure seems stable than the triangle is due
to the α-cluster at the center of 12C chain structure has
a larger Gaussian wave packet width, which can help to
hold the α clusters at both ends of the chain [46]. From
the viewpoint of RMS radius, the triangle structure is
the best close to the ground state data, and the chain
structure is the largest due to the hyper deformed shape.
If we take the configuration with the largest binding en-
ergy as the ground state, our simulation gives the spheri-
cal shape, and then the triangle and chain 3-α structures
represent the different excited states. In other literatures,
three-alpha cluster models are also successful in describ-
TABLE I: RMS radius and binding energy of different con-
figurations of 12C and the ground state data.
Configuration rRMS (fm) Ebind (MeV/nucleon)
Chain 2.71 7.17
Triangle 2.35 7.12
Sphere 2.23 7.60
Exp. Data 2.47 7.68
ing properties of ground and excited states of 12C and
show that the ground state has dominantly a triangle
3-α cluster structure. Moreover, in microscopic cluster
models, triangle 3-α cluster structure is almost equiva-
lent to a shell-model (oblate) configuration because of the
antisymmetrization. There, α clusters are largely over-
lapping each other differently from the present picture of
the triangle 3-alpha configuration.
For the following study on the process of photonab-
sorption, we use the above three different 12C configura-
tions for the comparison.
Considering that the energy of incident photons is se-
lected ranges from 70 to 120 MeV in this work, where
the QD effect is dominant, therefore, in the first step
we only consider the 2H(γ,np) process that photonab-
sorption occurs by a proton-neutron pair in the nucleus.
Considering that the distance between the α clusters in
light nucleus is large in comparison with the size of quasi-
deuteron, therefore, the process of photonabsorption is
assumed actually that the photons are absorbed by one
4of the α-clusters in the light nucleus in the initial pro-
cess, which is similar to the process of (γ,4He), then we
assume the rest of nucleons in this cluster and the re-
minder of clusters in nucleus as the spectators. However,
in microscopic cluster models, alpha clusters in trian-
gle 3-alpha cluster structure are largely overlapping each
other as mentioned above, which may make the above
simple treatment of photonabsorption in the initial pro-
cess by one of the α-clusters more complicate. Anyway,
in current EQMD frame, we could accordingly replace
this process of the photon absorbed by a neutron-proton
pair within an α-cluster by the reaction of 2H(γ, np).
The cross-section of 2H(γ, np) is reflected by using the
angular-dependent formulas of proton of this reaction,
fitted by Rossi et al. for photon energy range from 20 to
440 MeV in the CM frame [47]. The usual form and the
fitted phenomenological function of the differential cross
section is presented as
dσ
dΩ
=
∑
i
Ai(Eγ)Pi(cosθ), (6)
where θ is the angle between the incoming photon and
the outgoing proton in the c.m. system, Pi(cosθ) are the
Legendre polynomials, and Ai is the coefficients. Details
can be found in Ref. [47].
For each photonuclear reaction event only one α clus-
ter is interacted with the photon. Using the total cross
section of the 2H(γ, np) to determine which α cluster that
interacts with the photon in each event by Monte Carlo
sampling.
C. The kinematics part of photonabsorption
After choosing one of the α-clusters by Monte Carlo
sampling according to the cross section formula of
2H(γ,np), we select one pair of the proton and neutron
randomly within this α cluster. The total 4-momentum
in the system for the photonabsorption in the lab frame
can be written as
~PLabtot =
~PLabγ +
~PLabQD . (7)
Then we translate to the c.m. frame by the Lorentz
boost. The total momentum of system before absorp-
tion is like this
~P cmtot = L(β)~P
Lab
tot , (8)
where β = PLABtot /P
LAB
tot (0), L(β) is the operation of the
Lorentz transformation, and ~PLabtot (0) is the total energy
of the two-body system in c.m. frame.
In term of conservation of momentum and energy, the
4-momentum of outing pair of nucleons of 4He(γ, pn)d is
written as following
Ecmp = E
cm
n = P
cm
tot (0)/2, (9)
~P cmp = −~P cmn =
√
m2 + (~P cmtot (0)/2)
2, (10)
where the m is mass of nucleon. The angular distribu-
tion of outgoing nucleons is obtained by the differential
cross-section of (γ, np) using a Monte Carlo sampling
of the 2H(γ,p)n differential cross-section (see Eq. 6).
We assume that the incoming photons are randomly dis-
tributed in xy-plane, then we choose this event when the
incoming photon was inside the region of QD total cross-
section. After the initial part for the process of (γ, np)
has been done, the nucleus gets excited, and the nucleon
could be emitted through final state interaction (FSI).
IV. RESULTS AND DISCUSSION
In this section, we present several observables for pho-
todisintegration from different configurations of 12C. For
α-clustering configurations, their orientations are rotated
randomly for each event. Even though there are different
photodisintegration channels, here we only focus on one
three-body channel, i.e. neutron, proton and a residue.
Specifically for 12C, this residue is 10B. Firstly we dis-
cuss the recoil momentum and missing energy which can
be compared with experimental data. Then we present
the pair momentum of proton and neutron as well as the
angular distribution between them. Finally we demon-
strate the hyperangle of the residue relative to the centre
of mass the neutron and proton as well as the hyper-
radius of three-body decay.
A. Missing energy and recoil momentum
We calculate the recoil momentum and the missing
energy to compare with the experimental data. Using
the distribution of bremsstrahlung with the weight of
the 1/Eγ , we obtain the recoil momentum ~precoil =
~pγ − ~pn − ~pp event by event, where ~pγ is the momen-
tum of incident photon, ~pn and ~pp the momentum of
emitted protons and neutrons, respectively. Fig. 2 shows
the recoil momentum spectra in three energy intervals of
incident photons for three 12C configurations. Note that
the spherical result (blue dot dashed line) is normalised
by the peak of the data (solid dots) and three different
configuration results are normalised by the same events
of the three body decay channel. From the top to low
panel, one can see that the recoil momentum of the sys-
tem for the chain α-clustering structure is the smallest,
and while the spherical and triangle α-clustering struc-
ture is similar but with different width. From fits to the
data, the spherical structure seems to have the best fit.
However, the shell structure effect could be also im-
portant, for instance, for the result of missing energy
spectra (Emiss) for
12C which is depicted in Fig. 3. Here
Emiss = Eγ −Tn−Tp−Trecoil, with Tn, Tp and Trecoil is
defined as the kinetic energies of neutron, proton and the
recoiled residue and Tr was obtained from the recoil mo-
mentum ~precoil = ~pγ−~pn−~pp. For the data [43] , solid his-
tograms represent the results corrected for detector and
5FIG. 2: The recoil momentum spectra of 12C with three con-
figurations together with the data (black dot) [43] in three
incident photon energy widows.
threshold effects using the so called 2N Monte Carlo sim-
ulation and the wine solid lines are the results from the
folding spectra derived from 12C(e, e
′
p) data [48]. Two
peaks of the two histograms refer to 1p and 1s1p shells,
respectively [43]. Concerning the calculations, the dis-
tributions are normalised by the same three-body events
and peak values of spherical results are normalised by the
cross section data around the peaks. The green dashed
line and red solid line correspond to chain and triangle
α-clustering configuration of 12C calculated in EQMD,
respectively, both give the similar Emiss with the peak at
around the mean value of two experimental peaks. And
while the spherical 12C gives a very wide Emiss with the
peak position close to the main peak of the data. From
these comparisons, no one can reproduce the data per-
fectly which indicates our model is not able to treat the
fine structure effect. In addition, from the comparison
of Precoil and Emiss, it indicates that Precoil is a more
sensitive probe for different configurations including α-
clustering.
B. Pair momentum and opening angles of the
emitted pair of neutron and proton
The sum of momentum of emitted proton and neutron
pair along px direction has been calculated. Fig. 4 plots
the pair momentum of the emitting proton and neutron
in Px-axis direction for three different configuration of
12C in different incident photon energy windows. From
those panels, we can see that the width of the pair mo-
mentum is very distinct among different configurations.
The general trend is that the width of the chain struc-
ture is the narrowest, and the width of spherical struc-
ture is the widest but close to the triangle structure. This
might be understood by the secondary scattering effect
for the initial ejected neutron and/or proton. From the
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FIG. 3: The missing energy spectra of 12C with with three
configurations in different incident photon energy windows.
The solid histograms represent the data and wine curves are
the results from the folding spectra derived from 12C(e, e
′
p)
data. For details, see texts.
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FIG. 4: The pair momentum of emitted proton and neutron
from three configurations of 12C in six photon energy win-
dows.
chain structure, the second scattering probability is ob-
vious smaller due to its geometric structure. For the tri-
angle and spherical structures, when the initial ejected
neutron and/or proton passes through the remainder, it
has higher probability to collide with the other nucle-
ons, which will certainly increase the momentum width.
Furthermore, one can also observe that the trend for all
width of the pair momentum of 12C basically remains
unchanged even though the incident photon energy is
different, which implies that their differences are mainly
caused by geometric effects.
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FIG. 5: Same as Fig. 4 but for the opening angular distribu-
tion between the emitted neutron and proton.
C. Angular distribution between the emitted
neutron and proton
Except the pair momentum of neutron and proton,
we can investigate the opening angle between neutron
and proton. Fig. 5 presents the θnp-angular distribu-
tion between the emitted neutron and proton. One can
see that the chain structure tends to back-to-back emis-
sion and while the triangle and spherical structures show
a decreasing angle with wider distribution. Again, for
the chain configuration, the emitted neutron-proton pair
which is almost back to back in the initial state of the
process of absorption will suffer less second collision with
the residual nucleus in comparison with the triangle and
spherical configurations due to its linear shape in space.
With the increase of the photon energy, the angular dis-
tribution seems a slight narrower, which can be under-
stood by the less dissipation collision for the emitted neu-
tron and/or proton with others in higher incident photon
energy.
D. Hyperangle and hyperradius of the three body
decay
Since we are treating three-body decay problem by the
photonuclear reaction, the hyper-spherical formalism can
be used. Here we consider the emitted proton, neutron
and the residual nucleus as a three-body, its i-th set of
Jacobi coordinate (xi, yi) is defined as [8, 49, 50]
xi = µjk(pj − pk), (11)
yi = µi,jk(pi − mjpj +mkpk
mj +mk
), (12)
where
µjk =
√
mjmk
m(mj +mk)
, (13)
µi,jk =
√
mi(mj +mk)
m(mi +mj +mk)
, (14)
(15)
with pj and pk represent the momentum of emitted pro-
ton and neutron, mi, mj and mk represent for the mass
number of the residue nucleus, proton and neutron, re-
spectively, and m is the total mass number of the mother
nucleus, i.e. 12C. The space-fixed hyper spherical coor-
dinates can be expressed by
xi = ρsin(αi), yi = ρcos(αi) (16)
where xi and yi are the Jacobi momenta, ρ is hyperradius,
and αi represents the hyperangle. If we assign i as the
index of the residue, j and k for neutron and proton,
respectively, then αi means the hyperangle of the residue
to the neutron and proton. Usually the hyperangle is
confined by 0 ≤ αi ≤ pi2 . If it is near 0, it indicates
that the residual nucleus (i) is far from the proton (j)
and neutron (k); If it is near to pi2 , it indicates that the
residue nucleus (10B) is near the center-of-mass of the
emitted proton and neutron.
Fig. 6 presents the hyperangles (α3) of the residual
nucleus10B relative to the c.m. of neutron and proton
for the 12C(γ,np) with three 12C configurations. Gen-
erally the hyperangle of the chain 12C structure is rela-
tively close to pi2 , indicating the residue
10B is close to the
center-of-mass of proton and neutron. And the spher-
ical structure displays the widest distribution and the
triangle 3-α structure is in between. In the viewpoint of
incident energy of photons, the distribution becomes nar-
rower when the energy becomes higher, indicating more
focusing effect for higher energy photons. In the figure,
we also plot the schematic plots for the corresponding
hyper-angle distribution. The black and red plots corre-
spond to the chain and the triangle 3-α structure, respec-
tively. Generally, the 10B is close to the c.m. of neutron
and proton for the chain structure.
Except hyperangle, hyperradius is another important
quantity to characterise the property of the three-body
decay. The hyperradius is the root-mean-square separa-
tion of the three bodies, i.e. neutron, proton and the
residue in the present work. The value of hyperradius is
the ρ in Eq. 16. The hyperradius is small only if all three
bodies are close together. It is large if any single product
is far from the other two. From Figure 7, we can see the
chain structure has smallest and narrowest distribution
among three configurations. It indicates that the decayed
three bodies, namely the residue, neutron and proton are
close together for the chain structure, which is consistent
with the above hyperangle distributions. While with the
increase of photon energy, hyperradius becomes larger,
indicating that the residue 10B becomes more separated
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FIG. 6: Hyperangular distribution (α3) of the residual nucleus
10B relative to the c.m. of neutron and proton from three-
body decay of 12C for three configurations. Inserts display the
schematic plots for the cases of chain 3-α structure (black) and
triangle 3-α structure (red), respectively.
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FIG. 7: Same as Fig. 6 but for hyperradius distribution.
from neutron and proton for high energy photon reac-
tions. Same as Fig. 6, the schematic plots are inserted for
the chain structure (black ones) and the triangle struc-
ture (red ones).
V. SUMMARY
In a framework of EQMD, we realisied, for the first
time, the photonuclear reaction in the quasi-deuteron re-
gion. As an important application, we use the model
to investigate the photon’s response for different con-
figurations of 12C including with α-clustering structures
at Eγ = 70 - 140 MeV. Firstly, the recoil momentum
and missing energy for the calculations seem consistent
with experimental data in some extents, especially for the
spherical case in the present model, which indicates that
our photonuclear reaction model based on the EQMD
seems reasonable. However, the present result does not
exclude a configuration with largely overlapping 3-α clus-
ters that is usually obtained by microscopic cluster mod-
els. With that strong overlapping 3-α clustering config-
uration, many properties will show up as spherical case
even though the structure could be totally different. Fur-
ther, we calculate the pair momentum of the emitted
neutron and proton as well as their angular distribution,
and find that the chain structure has the narrowest pair
momentum distribution and near back-to-back emission,
and while the triangle three-α and spherical 12C distri-
bution show the wider distribution. From the hyperangle
of the residue relative to the c.m. of neutron and pro-
ton, chain structure shows larger values than the trian-
gular and spherical structures, which indicates that the
residue from the chain structure is close to the center-
of-mass of emitted proton and neutron. In addition, the
hyperradius results also display the smallest values for
the chain structure and then illustrate that the emitted
three bodies are much close together, which is consistent
with the results of hyperangle. The above observables
demonstrate that the differences of pair momentum and
angular distribution of emitted proton and neutron as
well as three-body hyperangle and hyperradius among
different 12C configuration are sensitive to structure of
12C, therefore offering a robust probe for α-clustering in-
side nucleus.
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